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Five newly identified sex-biased transcripts in
Drosophila are full of surprises: although they are
found in fly heads, and manipulating two of them
affects mating behaviors, their genes are expressed
sex-specifically in non-neural tissues. The way these
genes are regulated suggests new complexities in
the sex determination pathway.
Signaling and patterning pathways are generally found
to be broadly conserved in evolution. But this is not
true of sex determining pathways in animals: despite
its usual pink-or-blue outcome, sex determination is
dazzling in its variation. The generation of sexual
dimorphism involves the action of regulatory sex deter-
mination genes — often in response to a karyotypic
signal — which control the production and develop-
ment of sex-specific molecules, anatomy and behav-
iors (reviewed in [1]). Sex determination pathways are
highly variable between phyla (though they often
include a member of the ‘DM domain’ family of tran-
scription factors [2]). This lack of conservation is
intriguing in itself, but it means that the sex determina-
tion pathway must be dissected at a species level. The
fruit fly Drosophila is one of a handful of organisms in
which the controls of sexual development are becom-
ing understood. Two recent studies [3,4] have con-
tributed to this understanding by identifying new target
genes of the Drosophila sex determination pathway.
Identification of target genes of sex determination
pathways — those genes directly responsible for the
differences between males and females in appear-
ance, behavior and biochemistry — makes possible a
‘bottoms-up’ approach to elucidating the regulation
that turns them on or off. For example, such analysis
has shown that sex-specific forms of the Drosophila
Doublesex (Dsx) protein bind to the promoter of the
target gene yolk protein 1 (yp1) to permit or prevent
the action of other transcriptional regulators at this
promoter. The upshot is that yp1 is transcribed only in
the fat body of adult female flies [5]. 
Target genes that mediate sex-specific behaviors
are of particular interest as tools for understanding
regulation by sex determination genes and also for
addressing the genesis of behaviors. The head is a
good place to search for behavior-related target
genes of the sex determination pathway. It is already
well-established that certain brain regions are respon-
sible for sexual behaviors in Drosophila [6,7], and at
least some sex-determining transcription factors are
expressed in the brain [8–10]. Thus, it is exciting that
Dauwalder et al. [3] and Fujii and Amrein [4] have
identified targets of sex determination genes in the
fruit fly head.
Dauwalder et al. [3] compared transcripts in the
heads of normal females and of ‘pseudomales’ — flies
that have the XX karyotype of a female, but that are
transformed to maleness in behavior and body by a
mutation in the regulatory gene transformer2 (tra2) [3].
In this way, they found a single, highly male-enriched
RNA derived from takeout (to) — a gene previously
shown to be regulated by circadian clock genes and
by feeding [11,12].
Fujii and Amrein [4] carried out a large-scale screen
for RNAs that show sex-differential expression. They
made ‘SAGE’ libraries from RNA isolated from the
heads of male or female flies, and identified approxi-
mately 7000 transcripts, of which forty-six showed a
significant skew in their representation in male or
female. Of those, 13 had a highly significant sex-bias,
and these included all five transcripts known to be
sex-specific in heads: three female-specific yolk
protein RNAs and the male-specific roX1 and roX2
RNAs [13,14]. Fujii and Amrein [4] focused their
attention on four genes that showed reproducibly
strong enrichment in males (turn on sex-specificity
(tsx), sex-specific enzyme 1 (sxe1) and sex-specific
enzyme 2 (sxe2)) or females (female-specific indepen-
dent of transformer (fit)).
Two of these genes, at least, are likely to play some
role in sex-specific behaviors. Dauwalder et al. [3]
found that males lacking to function [12] show
reduced courtship activity, though they are fully active
in a non-mating behavior. Additional support for the
idea that to mediates male behaviors came from
examination of male flies in which the cells that
normally express the to gene were genetically
feminized. The male identity of these cells turns out to
be essential for to expression and for male behaviors:
the to-expressing cells need to be male in order for
courtship to be normal.
Fujii and Amrein [4] addressed the function of tsx by
asking whether expressing this male-specific RNA in
females had behavioral consequences [4]. They found
that female flies forced to express tsx ubiquitously
were less receptive to mating. While this does not
prove that tsx normally mediates male behaviors, it
suggests that the action of this gene can at a
minimum influence mating behavior.
Both groups went on to examine in greater detail the
expression patterns of the genes they had identified
[3,4]. Remarkably, gene after gene turned out to show its
sex-biased expression in a non-neural secretory tissue
called the fat body (or at least in a tissue fraction con-
sistent with such expression). The fat body makes mol-
ecules — such as yolk proteins in females — that are
secreted into the circulation, and it is certainly not the
most obvious candidate for being the seat of romantic
behavior. The correlation between sex-specific expres-
sion of to and tsx in fat body and the apparent effects on
sex-specific behaviors is tantalizing, but it would be pre-
mature to conclude that they are causally related.
First, and of greatest concern, although the data
reported in the new papers [3,4] look convincing, other
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persuasive studies reported different expression
patterns for to and tsx. So et al. [11] and Sarov-Blat et
al. [12] reported to expression in the antennae, brain
and digestive organs, and not in the fat body. It is pos-
sible that, by chance, the sectioned fly heads exam-
ined in those studies were all female, and hence did
not show fat body expression of to; there is also a
chance that some of the discrepancies reflect detec-
tion of another member of to’s gene family. But clearly
the differences need to be resolved. The expression
pattern reported by Fujii and Amrein [4] for tsx does
not match that reported by Galindo and Smith [15] for
a transgene driven by tsx upstream sequences. Fujii
and Amrein [4] suggest that the driving promoter
might have been incomplete, but a consensus needs
to be reached on tsx’s expression pattern. And of
course one cannot rule out that low-level or transient
expression of any of the genes could have been
missed in any of the studies. 
Second, it is not yet clear that the sex-specific fat
body expression is important for the behavioral
effects of the identified target genes. The to gene is
also expressed in antennae [3,11,12] — though not
sex-specifically — and one can imagine several ways
in which this expression in a sensory tissue might
influence sexual behaviors. Finally, it is important to
bear in mind that the new results do not negate the
fact that the brain itself is the source of many sex-spe-
cific behaviors [6,7]. The failure to detect sex-specific
RNAs for these genes in the brain might reflect sex-
specific neural connections in brains, sex-specific
post-transcriptional regulation, or even sex-specific
expression in just a few brain cells at levels below the
detection limits of the studies.
Taking the new results [3,4] at face value, however,
it is intriguing to consider how sex-specific gene
expression in a secretory tissue might control behav-
iors. One possibility is that molecules made in the fat
body provide signaling prerequisites for behaviors. In
this light, it is interesting that tsx encodes a candidate
odorant-binding protein, which Fujii and Amrein [4]
suggest might allow it to regulate the perception of
mating signals. The to gene encodes a lipophile-
binding protein related to juvenile hormone binding
proteins [3,11,12]. Juvenile hormone has been sug-
gested to play a role in post-mating responses in
females [16], so again a tenuous connection can be
made between a secreted protein of this family and a
sexual behavior. The sxe2 gene encodes a predicted
phospholipase, which arguably could be involved in
signaling; and sxe1 is predicted to encode a cyto-
chrome P450, which Fujii and Amrein [4] suggest
might be involved in steroid metabolism. The sex spe-
cific production of two proteins with possible roles in
hormone biology raises the intriguing possibility that
circulating hormones might affect behaviors in flies, as
they are well known to do mammals.
It is also important to understand how these genes fit
into the sex determination pathway in fruit flies. In
Drosophila, the ratio of X chromosomes to autosomes
specifies the sex of each zygotic cell by activating (in
females) or repressing (in males) the Sex lethal (Sxl)
gene. In females, Sxl protein allows the production of
the Tra protein — so Tra is not made in males. The pres-
ence or absence of Tra, in conjunction with its partner
Tra2, controls the presence, form and/or function of the
predicted transcriptional regulators Dsx, Fruitless (Fru)
and Dissatisfaction (Dsf) [17,18] (Figure 1). 
Dsx controls somatic sex differences outside the
nervous system, as well as some aspects of male
courtship behavior [6,17,19]. Fru regulates aspects of
the CNS needed for male courtship behavior, as well
as the development of a particular muscle that
depends on innervation by neurons with male identity
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Figure 1. Regulation by the sex-determination pathway of five
newly identified target genes expressed in the Drosophila
head [3,4].
A simplified version of the regulatory hierarchy that determines
sex in Drosophila. Only the regulatory proteins and new target
genes discussed in the text are shown; for simplicity, cofactors
for Dsx, the Dsf protein and regulatory events that establish or
maintain Sxl expression are omitted [17,18]. Regulatory pro-
teins found in only females are in red, those only in males are in
blue. Red and blue backgrounds delineate female- or male-
biased target genes, respectively. For simplicity, the Fru protein
in the figure is shown in blue (male-specific), because transla-
tion of Fru from its sex-specific transcripts is inhibited in
females [10]; potential non-sex-specific forms of Fru protein are
omitted. Arrows indicate positive regulation. Lines terminating
in bars indicate repression. Green arrows and lines show the
regulatory relationships or actions identified in the recent
studies discussed in the text [3,4].
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[19]. Dsf is needed for aspects of male and female
courtship behavior, and for some female-specific
innervation [20]; its relationship to Dsx and Fru activi-
ties is unclear. For phenomena such as courtship
behavior, the regulation of which appears to involve
contributions from multiple transcription factors,
analyses at the level of target genes can help to tease
apart the contributions of each regulator.
The regulation of the fit and to genes suggests
further complexity in the sex determination pathways.
Sxl regulates female-based expression of fit, but
Tra–Tra2 does not. This suggests the possible
existence of a new branch in the somatic sex determi-
nation hierarchy, above Tra–Tra2 [4] (Figure 1). The
soma of XX tra– pseudomales has widely been
considered to be entirely male-like except for its
female-like size. That fit is still expressed in these
pseudomales suggests that Fit might have a pheno-
typic effect that has been too subtle to detect, or that
requires Tra–Tra2-dependent genes for elaboration or
that is Tra-independent (as in the case of body size).
The to gene is unusual in being the first target gene
shown to be regulated by both Dsx and Fru [3], a
commonality seen before with aspects of male
courtship behaviors [6,17,19]. The to mutation also
shows genetic interactions with fru mutations, sug-
gesting that Fru both regulates to and acts with it (or
regulates other genes that act with to).
As tantalizing as these results are, they also raise a
number of questions. First, do fit, sxe1 and sxe2 play
a role in sex-specific behaviors, and does tsx mediate
male behaviors? If they do, how and precisely where
does expression of their products cause these behav-
iors? Second, how is the sex-biased expression of
these genes specified? Are they directly regulated by
the sex-determination pathway, as suggested for to
by the apparent presence of upstream Dsx-binding
sites [3]? Or does their regulation involve sex-specific
inductive signals from nearby brain or sensory organs,
formally analogous to the cell communications that
determine some other aspects of sexual development
[18]? It is intriguing in this light that these target genes
are expressed in the portion of the fat body that is in
the head, and apparently not (or, at most, minimally) in
fat body tissue elsewhere in the body. How do the
actions of Dsx and Fru intersect to regulate to expres-
sion? And does Fru regulate sxe1, sxe2 and tsx?
Third, are there sex-specific target genes expressed
in the brain? Neither of the two new studies [3,4]
saturated the possible targets — illustrated by the way
neither detected the others’ genes. So additional sex
determination targets await discovery — perhaps
among the 33 additional sex-biased genes identified
in the SAGE screen [4]. These targets may further
elucidate the fat body’s role in behavior as well as
reveal the level and extent of sexual dimorphism at the
molecular level in the brain and its control by the sex
determination hierarchy. So there’s much excitement
to come — these are heady times indeed to study sex
in Drosophila.
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